INTRODUCTION 24
Behavioral differences between the sexes of many animal species can make major 25 contributions to the reproductive fitness of the organism. While sex-specific behaviors can be 26 readily observed, the mechanistic basis of such behavioral differences is less well understood. 27
Morphological differences, including the existence of sex-specific neurons, have been 28 documented in the nervous systems of many species, but differences in sex-shared neurons have 29 also been implicated in generating sex-specific behaviors. In particular, how sex-specific 30 behavioral circuits are generated within the features of the nervous system common to both sexes 31 has been the focus of recent studies in diverse organisms. Work on the mouse vomeronasal organ 32 (VNO) has suggested that the functional circuits for both male-and female-specific behaviors 33 such as courtship and aggression are intact in the brains of both sexes and are modulated by 2014; Sakai et al., 2013) . In particular, recent work has uncovered sexually dimorphic 52 differences in axonic and dendritic morphology and synaptic connectivity within the sex shared 53 nervous system, which can modulate neuronal circuits and behavior (Hart and Hobert, 2018; 54
Oren-Suissa et al., 2016; Serrano-Saiz et al., 2017a; Weinberg et al., 2018) . In addition, studies 55 aeruginosa. As expected, we observed that while daf-7 mutant hermaphrodites fail to avoid a 124 lawn of pathogenic bacteria, the pdf-1 and pdfr-1 mutant hermaphrodites appear wild-type for 125 their ability to perform this behavior ( Figure 1E ). Together this data suggests that the PDF-1 126 signaling pathway acts both cell-specifically-on the ASJ neurons-as well as sex-specifically-127 in males-to regulate daf-7 expression and its effects on downstream behavioral programs. this pathway in the regulation of daf-7 expression in males, we used the pdfr-1(ok3425) mutant 134 animals and introduced pdfr-1 cDNA transgenes into specific neurons using heterologous cell-135 specific promoters. We observe that while the pdfr-1 mutant males lack significant daf-7 136 expression in the ASJ neurons, introduction of a genomic DNA fragment carrying the pdfr-1 137 locus could fully rescue this phenotype and restore daf-7 expression in the ASJ neurons ( Figures  138   2A and B) . We next asked if pdfr-1 expression in the ASJ neurons alone was sufficient to rescue 139 the mutant phenotype of the pdfr-1(ok3425) males and drove the expression of the B isoform of 140 pdfr-1 under the control of the ASJ-specific trx-1 promoter. We observe that expression of pdfr-1 141 in this single-pair of neurons (ASJ) was indeed sufficient to rescue daf-7 expression into the ASJ 142 neurons of the mutant male animals, suggesting that this pathway signals to ASJ directly to 143 influence daf-7 expression specifically in the male (Figure 2A and B) . 144
The PDFR-1 receptor is a secretin-family G-protein coupled receptor (GPCR), which has 145 been shown to stimulate Gas signaling and upregulation of cAMP production in transfected cells 146 PDFR-1 specifically in ASJ was sufficient to rescue the defects in daf-7 expression that we 151 observe in the pdfr-1 mutant males. We observe that in pdfr-1 mutant males with transgenic 152 expression of the acy-1(gf) cDNA only in the ASJ neurons, daf-7 expression was fully rescued 153 ( Figure 2C ). This ability to bypass PDFR-1 by activation of cAMP production specifically in the 154 ASJ neuron pair further suggest that the PDF-1 signaling pathway acts directly on the ASJ 155 neurons in order to regulate daf-7 expression in male animals. 156
Expression of daf-7 in the ASJ neuron pair of males is required for the male-specific 157 mate-searching behavioral program (Hilbert and Kim, 2017), while the PDF-1 pathway has 158 similarly been implicated as a regulator of this same behavior (Barrios et al., 2012). Given the 159 role that this PDF-1 pathway plays in regulating the expression of daf-7, we set out to determine 160 if the effects of the PDF-1 pathway on mate-searching behavior are the result of PDF-1 and 161 DAF-7 functioning through a single pathway or through separate parallel pathways. It has been 162 previously established that overexpression of the pdf-1 genomic sequence confers increased 163 mate-searching behavior in male animals ( Figure 2D ; Barrios et al., 2012). We took advantage of 164 this observation to perform epistasis between the PDF-1 and DAF-7 pathways by introducing a 165 daf-7 mutation into these transgenic PDF-1 overexpressing lines. Importantly, whereas the males 166 carrying our overexpression construct alone display increased leaving rates as previously 167 reported, this effect was entirely suppressed by mutation of daf-7 ( Figure 2D and Figure 2 -168 Figure Supplement 1 ). These data suggest that the PDF-1 pathway regulates this male-specific 169 behavior through the regulation of daf-7 expression in the ASJ neurons of adult male animals, 170 although our data do not exclude the possibility that PDF-1 may also regulate mate-searching 171 through additional parallel pathways. 172
Sex differences in PDF-1 receptor expression underlie the sex-specific regulation of daf-7 173
transcription in ASJ 174
The sex-specificity of the effects of the PDF-1 pathway on daf-7 regulation and mate 175 searching behavior is intriguing given very little evidence of differences in the expression or 176 male-specific MCM neurons and is required for the regulation of sex-specific learning in males, 179 but interestingly, ablation of these neurons has no effect on mate-searching behavior (Sammut et 180 al., 2015) . Nevertheless, we wondered if there might be unidentified sex differences in the 181 signaling or expression of this PDF-1 neuropeptide pathway in neurons such as ASJ, which 182 would confer sex-specific activity of the PDF-1 pathway on the regulation of daf-7 gene 183 expression. To this end, we asked if activation of the PDF-1 signaling pathway in the ASJ 184 neurons of hermaphrodites might be sufficient to drive daf-7 expression inappropriately in these 185 animals. We first looked at hermaphrodite animals carrying the same ASJ-expressed acy-1(gf) 186 transgene and observed significant upregulation of daf-7 expression in the ASJ neurons of these 187 hermaphrodites ( Figure 3A) . We next asked whether we could observe daf-7 expression in the 188 1A). To corroborate and confirm these observations, we also imaged pdfr-1 transcripts in 212 animals carrying our genomic rescuing fragment, which amplified probe fluorescence throughout 213 the nervous system and muscle (Figure 3-Figure Supplement 1C ). We expect that because of 214 the intact endogenous regulatory sequence on this genomic fragment, the mRNA localization we 215 observe in this strain should still be representative of the wild-type expression pattern of pdfr-1. 216
Using these animals, we observe more abundant pdfr-1 mRNA in the ASJ neurons of a number 217 of adult male animals ( Figure 3C ). In contrast, we did not observe pdfr-1 mRNA in the ASJ 218 neurons of hermaphrodite animals even in this overexpression context, suggestive that this gene 219 is expressed in a sexually dimorphic manner in the ASJ neurons ( Figure 3C) . 220
The PDF-1-DAF-7 neuroendocrine signaling cascade regulates sex-specific behavior 221 through the sex-shared ASJ neurons 222
Building on our previous work on the sexually dimorphic regulation of the 223 neuroendocrine gene daf-7 and its role in promoting male decision-making behaviors (Hilbert 224 and Kim, 2017), we have presented here a set of experiments which implicate the PDF-1 225 neuropeptide signaling pathway as a critical male-specific regulator of daf-7 expression in the 226 ASJ neurons. Our data suggest that sexual dimorphism in the expression of the PDF-1 receptor, 227 PDFR-1, may serve as a gating mechanism, allowing the ASJ neurons of adult male C. elegans 228 to respond to the PDF-1 ligand. We suggest that this ligand-receptor interaction activates a 229 
MATERIALS AND METHODS 256

C. elegans Strains 257
C. elegans strains were cultured as previously described (Brenner, 1974; Hilbert and Kim, 2017) . 258
For a complete list of strains used in this study please see Supplementary File 1. 259
Cloning and Transgenic Strain Generation 260
For the pdf-1 overexpression transgene, a 6.5 kb region of sequence containing the pdf-1 261 promoter, coding sequence and 3'UTR were amplified from the fosmid WRM0641dA07 from 262 the Moerman fosmid library. This fragment was cloned into the pUC19 vector backbone by 263
Gibson assembly (Gibson et al., 2009) . 264
For the ASJ-specific pdfr-1 rescue construct, the B isoform of the pdfr-1 cDNA with no 265 stop codon was amplified from cDNA generated with an Ambion RetroScript kit using primers 266 based on previously described annotation of the isoform (Barrios et al., 2012) . The trx-1 ASJ-267 specific promoter was amplified as previously described (Hilbert and Kim, 2017). An 268 F2A::mCherry fragment was amplified off a plasmid that was a gift from C. Pender and H.R. 
Measurement of Gene Expression in ASI and ASJ neurons 282
Quantification of daf-7 expression was performed as described in (Hilbert and Kim, 2017). All 283 adult quantifications were done on animals 72 hours after egg lay. Quantification of animals on 284 P. aeruginosa were performed as before. 285
Mate-Searching Assays 286
Mate-searching assays were performed as previously described ( 
P. aeruginosa Lawn Avoidance Assays 295
P. aeruginosa plates were prepared as described in (Hilbert and Kim, 2017). Animals were 296 synchronized by treatment with bleach and allowed to hatch and arrest as L1 larvae before being 297 dropped onto E. coli plates. L4 animals were transferred to the center of the P. aeruginosa lawn, 298 incubated at 25˚C and then scored for avoidance after 16 hours. 299
Statistical Analysis 300
All statistical analysis was performed using the Graphpad Prism software. Statistical tests used 301 for each experiment are listed in the figure legend. 302
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